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ABSTRACT Here we analyze the problem of determining whether experimentally measured spontaneous miniature end-
plate currents (MEPCs) indicate that quanta are composed of subunits. The properties of MEPCs at end plates with or without
secondary clefts at the neuromuscular junction are investigated, using both stochastic and deterministic models of the action
of a quantum of transmitter. It is shown that as the amount of transmitter in a quantum is increased above about 4000
acetylcholine (ACh) molecules there is a linear increase in the size of the MEPC. It is possible to then use amplitude-frequency
histograms of such MEPCs to detect a subunit structure, as there is little potentiation effect above 4000 ACh molecules.
Autocorrelation and power spectral analyses of such histograms establish that their subunit structure can be detected if the
coefficient of variation of the subunit size is less than about 0.12 or, if electrical noise is added, about 0.1. Positive gradients
relate the rise time and half-decay times of MEPCs to their amplitude, even in the absence of potentiating effects; these
gradients are shallower at motor nerve terminals that possess secondary clefts. The effect of asynchronous release of
subunits is also investigated. The criteria determined by this analysis for identifying a subunit composition in the quantum are
applied to an amplitude-frequency histogram of MEPCs recorded from a small group of active zones at a visualized

amphibian motor-nerve terminal. This did not provide evidence for a subunit structure.

INTRODUCTION

The concept of spontaneous miniature end-plate currents
(MEPCs) or the quantum of transmitter release comprising
subunits arose from a consideration of the amplitude-fre-
quency histograms of MEPCs observed during develop-
ment, which often show peaks that on closer inspection
appear to occur at regular intervals (Bennett and Pettigrew,
1975; Kriebel and Gross, 1974). Such subunit peaks were
subsequently observed in adult mammalian and amphibian
end plates by Kriebel and his colleagues (Kriebel et al.,
1982; Carlson and Kriebel, 1985; Vautrin and Kriebel,
1991) but not by others (Bevan, 1976; Magleby and Miller,
1981). Magleby and Miller produced evidence that these
subunit peaks might be a statistical artefact, but this was
challenged by Vautrin (1986), who used both autocorrela-
tion and spectral density analysis of the amplitude-fre-
quency histograms to show that the peaks were unlikely to
be statistical artefacts. A point of difficulty that is frequently
raised with respect to the interpretation of these peaks as
being due to subunits that comprise the quantum is that the
variance of the individual peaks does not seem to increase
much, if at all, as the number of subunits increases (Katz,
1977; Bevan, 1976). Another possible difficulty with this
interpretation of the peaks is that if release of subunits
occurs from the same site on the nerve terminal then it
might be expected that considerable potentiation of the
effects of one subunit due to the preceding subunit will

Received for publication 24 May 1995 and in final form 23 October 1995.
Address reprint requests to Professor Max Bennett, Neurobiology Labora-
tory, F13, University of Sydney, New South Wales 2006, Australia. Tel.:
61-2-351-3034; Fax: 61-2-351-4740; E-mail: maxb@physiol.su.oz.au.

© 1996 by the Biophysical Society

0006-3495/96/02/654/00  $2.00

occur, so that peaks should be spread out at increasing
intervals in the histograms and with an increasing variance,
because of this potentiation effect (Girod et al., 1993).

A different approach to the question of whether quanta
are composed of subunits relates to the small proportion of
MEPC:s that possess rise times that are very long compared
with that of the normal MEPC and which may even show
inflections on their rising phases. The different shapes of
MEPCs can easily be accommodated within the subunit
hypothesis as being due to different patterns of asynchro-
nous release, as has been argued quantitatively for the
MEPCs at the electroplaque (Girod et al., 1993) and for
synaptic currents at hippocampal synapses (Vautrin et al.,
1993). The present work examines the conditions under
which the time course and amplitude of the normal fast
MEPC may reveal subunits, using a stochastic model of the
interaction of the transmitter with the postsynaptic receptors
developed by Bartol et al. (1991) and a deterministic model
due to Wathey et al. (1979).

METHOD

Two methods have been used to calculate the currents resulting
from transmitter release. The first, following the work of
Wathey et al. (1979), is a deterministic one in which the
differential equations governing diffusion and the kinetics of
interaction between ACh and receptors and enzyme are solved
for a particular geometry. The second, following the work of
Bartol et al. (1991), is a Monte Carlo simulation in which the
motions of individual molecules of ACh are followed as they
diffuse in the synaptic cleft and bind to receptors or enzymes.
The relative merits of the two methods have been discussed by
Bartol et al. (1991): the differential equation approach is pref-
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erable if the geometry is simple and one requires only average and amphibia (Heuser and Reese, 1977) and the terminals
values; the Monte Carlo method is more easily adapted to  on electroplaques of fish (Garcia-Segura et al., 1986). In-
complicated geometries, and since it models the stochastic  deed, the autonomic motor-nerve terminals on smooth and
situation it gives the magnitude of the fluctuations that couldbe  cardiac muscles are also bereft of secondary clefts (Bennett,
expected in an experimental situation. In this paper, both the 1972). Such terminals are represented as flat plates, either
deterministic and Monte Carlo methods have been used in the  circular or square, tiled with receptors as shown in Fig. 1 A.
case of the flat end plate, but only the Monte Carlo method has The motor-nerve terminal in other species consists of a
been used for the more complicated geometry of the end plate 150 number of boutons or varicosities, about one to several
with secondary clefts, because it is more readily adapted 0 nirons in diameter, which in the case of those on twitch

such cases. fibers possess both primary and secondary clefts. This is the
N case for both lizards (Land et al., 1980; Walrond and Reese,
Geometry of the synaptic cleft 1985) and snakes (Hartzell et al., 1975), with an active zone

The motor-nerve terminal in some species possesses only  clearly delineated on the prejunctional membrane opposite
primary clefts, for example, slow fibers in lizards, snakes, the secondary cleft. This is in contrast to the motor-nerve
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FIGURE 1 Geometry of the neuromuscular junctions analyzed in the present work. (A) Junction at the active zone without secondary clefts. (a)
Cross section through the center of the receptor patch. (b) Plan view of the circular case, as used in the deterministic method. (¢) Plan view of the
square case, as used in the Monte Carlo method. The junction is modeled as two parallel plates 50 nm apart and of extension 2.4 wm. The receptor
patch is shown as a bold line in a, as a dotted area in b, and as a hatched area in c, each being of extension 1.8 um; the receptor patch in c is tiled
at a density of 8200 tiles/um?, with each tile containing one receptor molecule. Acetylcholinesterase is located in a sheet of the same area as the
junction, placed midway between the presynaptic and postsynaptic membranes and indicated by a broken line in a. Transmitter is released from above
the center of the receptor patch (®). (B) Junction at the active zone with secondary clefts. (a) Cross section through the center of the receptor patch.
(b) Plan view. The primary cleft is of width 50 nm, and the secondary clefts are of width 0.1 um. The receptors are in rectangular patches 0.25 wm
by 1.0 um placed both in the primary cleft as indicated by the hatched areas in b and down the sides of the secondary clefts as indicated by bold
lines in a. The patches are tiled at a density of 8200 tiles/;um?, and each tile contains one receptor molecule. Acetylcholinesterase is located in sheets
placed midway between presynaptic and postsynaptic membranes in the primary cleft and between the postsynaptic membrane and the central line
in the secondary clefts, as indicated by the broken lines in q; their longitudinal extension is that of the receptor patch, namely 1.0 m. Transmitter
is released from above the center of a receptor patch and at the edge of a secondary cleft (@®).
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terminals on the twitch fibers of amphibia and mammals,
which have branches that do not possess varicosities and are
approximately of uniform diameter; active zones occur ev-
ery 1 um or less along the length of the branches, opposite
both primary and secondary clefts (Heuser and Reese,
1977). At all these junctions acetylcholine receptors
(AChRs) are found on the lips of the secondary clefts as
well as in the depth of these clefts; this situation is illus-
trated in Fig. 1 B.

Interaction kinetics

The kinetics of ACh interaction with the receptors is
governed by

2k k2 B
2A+R2A + AR 2 AR’ 2 A;R*, 1)
k—y 2k-2 a

where A is an ACh molecule, R is a receptor molecule, AR
is the singly liganded channel, A,R’ is the doubly liganded
channel in the closed conformation, and A,R* is the doubly
liganded channel in the open conformation. In practice (cf.
Bartol et al., 1991) Eq. 1 can be simplified to

2k, k2
2A+R=2A + AR 2 AR, 2)
k-1 2kest

where k. = a/(a + B)k_, and the number of open chan-
nels is found by multiplying the number of doubly liganded
channels (A,R) by B/(a + B). Note that A,R signifies all
doubly liganded channels; that is, it includes the closed
channel A,R’ and the open channel A,R*, The interaction
of ACh with esterase is governed by

k3 ks
A+E — AE - E+Q, 3)

where E denotes the enzyme and Q the final products of
hydrolysis.

If we ignore spatial effects, then Eqs. 2 and 3 lead to the
following kinetic equations for the concentrations of the
various molecules:

d[gtR] = 2k [AIR] — k_|[AR] + 2k[A,R]
4)
— k[AJ[AR] '
d[?liR] = k[AJJAR] — 2k.[A.R] 5)
d[Q]
dr = k{AE] 0
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where
[A]=[Al - [AR] - 2[AR] - [AE] - [Q]  (8)
[R]=[R], — [AR] - [A;R] )
[E] = [E], — [AE], (10)

and [X], denotes the initial concentration of substance X.

Deterministic method

The concentration of ACh is a function of spatial position
and time, [A] = [A](r, x, 2, 1), and one starts by writing

o[A] a[A] o[A]
—_— = or (11)
ot ot diffusion t kinetics
The diffusion term is the solution of
JlA
W e
! diffusion

where D is the diffusion coefficient and V? is the Laplacian
operator. In practice we only apply this method to the case
of radially symmetric diffusion over a disc (Fig. 1 Ab), so
Eq. 4 reduces to the one-dimensional form

W) (), 1

at r or
where r is the radial distance. The kinetics term is, from Eq. 8,

a[A] o[AR] d[A,R] o[AE] 9[Q]
ot 2 Ta  w e

(13)

(14)

kinetics

where the partial derivatives on the right-hand side are
given by Eqgs. 4 to 7, with d/dt replaced by 8/9¢ in each case.
The ACh concentration [A], as a function of position and
time, is now found by (numerically) solving the above set of
coupled differential equations under appropriate initial con-
ditions and boundary conditions.

Monte Carlo method

The Monte Carlo method involves following the motion of
each molecule as it executes a random walk in free space, is
reflected from presynaptic and postsynaptic membranes,
and binds to or unbinds from receptor molecules. A detailed
description and justification of the Monte Carlo method, as
applied to the release of ACh in the neuromuscular junction,
has been given by Bartol et al. (1991), and the present
calculation closely follows their methods. Two geometries
are considered, one without secondary clefts (Fig. 1 A) and
the other with secondary clefts (Fig. 1 B). In each case,
receptors are found in patches on the postsynaptic mem-
brane, and these patches are subdivided into tiles of appro-
priate size, each tile containing one receptor. The actual size
of the receptor is 10 nm?, which is much smaller than the
tile size. Acetylcholinesterase is located in sheets above the
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postsynaptic membrane, as shown by the broken lines in
Fig. 1, Aa and Ba.

Quanta of ACh are released from the presynaptic mem-
brane, either from a point above the center of the receptor
patch (marked with a black spot in Fig. 1 A) or from a point
above the edge of a secondary cleft and midway along a
receptor patch (marked with a black spot in Fig. 1 B). Each
molecule is moved randomly, using a time step of 0.75 us.
The algorithms and formulas used are as described by
Bartol et al. (1991).

Parameter values

The parameter values used in the calculations reported
here are, unless otherwise stated, the same as those used
by Bartol et al. (1991) (see also Land et al., 1980); for
convenience, they have been collected in Table 1. On
some occasions the kinetic parameters given in Auerbach
(1993) have been used, as also summarized in Table 1.
When this is the case, it is explicitly stated in the figure
legends.

Summation of subunit responses

We can investigate theoretically the variability expected in
the total response when a number of subunits of transmitter
are released simultaneously. Let N units be released, and
suppose that the rth such unit causes a postsynaptic current
X,. Suppose that N is a binomially distributed random vari-
able with parameters n and p, and that the X,’s are indepen-
dent identically distributed normal random variables, with
mean y and variance o>, Suppose further that experimental
noise can be represented as an additive normally distributed
random variable Z with mean O and variance &>. The total
response is

W=X1+X2+"'+XN+Z (15)

TABLE 1 Values of parameters used in the calculations
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and it follows from the above assumptions that W has
density function

w—rw

p— < 1
f“’(W) - r=zl (Tr\fZTTexp(_ 20,3

2
)b(r; n,p) (16)

where (rf = ro?® + &* and b(r; n, p) is the binomial prob-
ability function.

Recording MEPCs from visualized
motor-nerve terminals

Toads (Bufo marinus) weighing 24-40 g were housed in
tanks fitted with 15% ultraviolet lights (Phillips, Grohux)
that were left on for 16 h per day. The temperature of the
room was maintained at 25-30°C, and the animals were fed
a mixture of mincemeat and brittle three times per week.
Animals were anaesthetized with tricaine methanesulfonate
(Rural Chemical Industries Australia) and then killed by a
cervical fracture. Both iliofibularis muscles together with
their nerve supplies were dissected free from surrounding
connective tissue and tendinous insertions. They were
pinned (in a bath of 3 ml capacity) on Sylgard with the
ventral surface up and stretched to approximately 110% of
their resting length in the limb. The bath was continuously
perfused at room temperature (16 = 2°C) with a modified
Ringer solution of the following composition (mM): Na™,
117.0; K*, 3.0; Mg?*, 2.0; CI-, 103.1; H,PO;, 0.64;
HPO,>", 9.7; Ca®*, 0.25-0.4; glucose, 7.8. [Ca**], was
changed by altering the amount of CaCl, dissolved in the
Ringer solution supplying the bath. The solution was gassed
continuously with 95% O, and 5% CO,, and the pH was
maintained between 7.2 and 7.5.

The isolated nerve muscle preparations were first bathed
for 30 s in 0.1 uM of the fluorescent dye 3,3-diethyloxardi-
carbocyanine iodide (DiOC,(5)) as previously described
(Bennett et al., 1986) and then thoroughly washed with
Ringer solution. End plates were chosen by viewing the
fluorescent terminals on a video monitor attached via an

Quantity Symbol Value (Bartol) Value (Auerbach)
Diffusion coefficient D 6.5 X 1075 cm?s™!
Rate constants for binding to receptors k, 26 X 10° M~ 1! 56 X 107 M~ !s7!
ky 26 X 10" M5! 29.6 X 10 M~ s7!
Rate constants for unbinding from receptors k_, 4120 57! 2507 s7!
k_, 4120 57" 13655 s™!
Rate constants for conformational change a 2500 s~! 529 s7!
B 22500 s~ 30000 s~
Rate constant for binding to esterase ks 52X 107 M s!
Rate constant for hydrolysis k, 3.6 X 103 s™!
Receptor density 8200 pm?

Esterase density

3500 pm™2
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image-intensifier camera (Panasonic National) to an Olym-
pus (BH2) fluorescent microscope. Extracellular recordings
were obtained using microelectrodes with a diameter of about
6 pm that were filled with bath solution. These were placed in
the loose-patch mode over selected portions of the visualized
terminal branches. MEPCs were collected using an IBM-AT
microcomputer and P-clamp software (Axon Instruments).

RESULTS

Relation between the temporal characteristics
of quantal currents and the amount of ACh
in a quantum

Solution of the stochastic or deterministic equations for the
diffusion of ACh secreted in a quantum from a single
release site on a motor-nerve terminal, and its subsequent
reaction with AChR and cholinesterase, allows simulation
of both the spatial distribution of receptors with doubly
bound acetylcholine molecules (A,R) that give rise to open
channels (A,R*) (Fig. 2) and the temporal characteristics of
the MEPC:s that arise as a consequence of the open channels
(Fig. 3). There is a nearly linear relationship between the
rise time of the MEPC (taken as 20—80% of the peak value
of A,R* formation) and the peak size of the MEPC (which

(a) (a)

®F ®

FIGURE 2 A, the spatial spread of A,R* over a square of receptors
opposite the active zone of a bouton at the time of peak A,R binding after
the release of different amounts of ACh in a quantum. The square shown
is 1.8 um on a side and represents the receptor patch shown in Fig. 1 Ac;
each A,R* molecule is indicated by a filled circle. The number of mole-
cules in a quantum is 2000 (a), 4000 (b), or 8000 (c). (B) The spatial spread
of A,R* over receptors opposite the active zone of an end plate at the time
of peak AR binding after the release of different amounts of ACh in a
quantum. The square shown is 1.0 um on a side and represents receptor
patches shown in the central section of Fig. 1 B: it is divided into four
rectangles, each of dimension 1.0 um X 0.25 wm, which represent, from
left to right, the lip of a synaptic fold in the primary cleft, the inside face
of the fold in the secondary cleft, the opposite face of the fold in the
secondary cleft, and the adjacent lip of the fold in the primary cleft. Release
of ACh occurs opposite the midpoint of the inside edge of the fourth
rectangle. Each A,R* molecule is indicated by a filled circle; the number
of molecules in a quantum is 2000 (a), 4000 (b), or 8000 (c).
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FIGURE 3 The time course of simulated MEPCs at end plates with
secondary clefts under three different conditions of temporal release of
quantal subunits; the ordinate gives the number of open channels A,R*,
which is proportional to the current. (A) Synchronous release of 5 subunits
of ACh, each subunit containing 1000 molecules. (B) Release of 5 subunits
at 5 pus apart. (C) Release of 7 subunits at 120-us intervals, then 3 at
180-us intervals. (D) As for C but on an expanded time scale, showing
more clearly the inflections on the rising phase.

is proportional to the peak value of A,R¥) as the amount of
ACh in a quantum increases at active zones without sec-
ondary clefts (Fig. 4 A). Both methods of calculation (Mon-
te Carlo and deterministic) show that the gradient of this
relationship is about 1 us/80 A,R* (Fig. 4 A). The linear
relationship between the time to peak (taken as the interval
between the foot of the MEPC and its peak) and the peak
A,R* has a gradient of 1 us/46 A,R* (Fig. 4 B). There is
also an approximately linear relationship between the time for
half-decay of the MEPC (that is, the time from the peak A,R*
formation to the half-decay point of this A,R*) and the peak
size of the currents as the amount of ACh in a quantum
increases above a certain minimum amount (Fig. 4 C), whether
this is calculated by means of the stochastic or deterministic
equations; this gradient is about 1 us/100 A,R*.

The quantitative relationship between the temporal proper-
ties of the MEPCs and their peak amplitudes is different for
quantal release at active zones with secondary clefts compared
to those without. At active zones with secondary clefts the rise
time of the MEPC increases along a shallower gradient with an
increase in the peak size of the MEPC due to an increase in the
amount of ACh in a quantum (Fig. 5 A), namely at 1 us/185
A,R*. The gradient for the time to peak of the MEPC versus
its peak amplitude is 1 us/135 A,R* (Fig. 5 B). There is also
a shallower gradient for the relationship between the half-
decay time of the MEPC and the peak size of the MEPC of 1
us/73 A,R* (Fig. 5 C). It seems then that the distribution of
receptors at secondary clefts in an end plate compared with
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FIGURE 4 Temporal characteristics of simulated MEPCs at an active
zone without a secondary cleft. In each graph, the filled circles are the
results of the Monte Carlo simulations and the line is the results from the
deterministic model. (A) The rise time (time between 20% and 80% of the
peak value) for different size MEPCs (peak A,R*) due to the secretion of
1,000 to 30,000 ACh molecules in a quantum; the slope of the linear
regression on the Monte Carlo data is about 1 us/80 A,R*. (B) Time to
peak (interval between the foot of the MEPC and its peak) for different size
MEPCs; the slope of the linear portion of the line is about 1 us/45 A,R*.
(C) Time to half-decay of MEPCs of different amplitude.

their absence makes a significant difference in the relationship
between the temporal characteristics of the junctional currents
and the amount of ACh in a quantum.

Relation between the amplitude of quantal
currents and the amount of ACh in a quantum

The question next arises as to the quantitative relationship
between the peak size of the MEPCs (that is, the peak
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FIGURE 5 Temporal characteristics of simulated MEPCs at an active zone
with secondary clefts. In each graph, the filled circles are from the Monte Carlo
simulations and the broken line is the linear regression on these data. (A) Rise
time for different size MEPCs due to the secretion of 1,000 to 30,000 ACh
molecules in a quantum; the regression line has a gradient of 1 us/185 A,R*.
(B) Time to peak for different sized MEPCs; the regression line has a gradient
of 1 us/135 A,R*. (C) Time to half-decay for MEPC:s of different amplitude;
the regression line has a gradient of 1 us/73 A,R*.

A,R*) and the amount of ACh in a quantum. It might be
expected that this would be highly nonlinear, as it is well
established that potentiation of MEPCs occurs when there is
overlap in the effects of quanta released simultaneously
from adjacent release sites (see Introduction). The surpris-
ing result obtained was that there is an approximately linear
relationship between the peak size of the MEPCs and the
amount of ACh in a quantum in the range from about 4000
to 30,000 molecules for both end plates without secondary
clefts (Fig. 6 A) and those with secondary clefts (Fig. 6 B).
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FIGURE 6 Amplitude of the peak MEPC (peak A,R*) for different
amounts of ACh in a quantum. (A) Active zones without secondary clefts.
Filled circles give the results for a given number of ACh molecules
according to the stochastic model, and the line is the result for the
deterministic model. The gradient of the line above about 4000 ACh is 1
A,R*/5.5 ACh molecules. The crosses are according to the full three-stage
model of Eq. 1. The open circles are according to the full three-stage model
of Eq. 1 using the parameter values given in Auerbach (1993). (B) Active
zones with secondary clefts. Filled circles are the results for a given
number of ACh molecules according to the stochastic model; the broken
line is the regression line to these for 4000 ACh and above, and has a
gradient of about 1 A,R*/8 ACh molecules.

Significant nonlinear effects were evident, however, at
MEPC sizes less than 4000 to 5000 ACh molecules in both
cases (Fig. 6). The stochastic variation in the peak A,R*
responses in this range of ACh for the case without second-
ary clefts is given in Table 2.

To check that these result were not dependent on using
the simplified two-step model of Eq. 2, solutions were

TABLE 2 Mean and standard deviation in the peak number
of A,R* for a range of ACh

Molecules of ACh

Mean peak (A,R*) SD peak (A,R¥)

250 1.65 1.35
500 7.80 2.46
1000 25.85 395
2500 125.35 9.61
5000 396.85 16.40

Monte Carlo calculations for an end plate without secondary clefts, 20 runs
for each case.
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obtained for the full three-step model given by Eq. 1. There
was no significant difference between the results for the two
solutions (Fig. 6 A). An additional possibility that the lin-
earity of the relation between peak A,R* and the amount of
ACh in a quantum above about 4000 molecules arises from
the kinetic parameters chosen was checked. The kinetic
parameters of Auerbach (1993), rather than those of Bartol
et al. (1991), were used in Eq. 1 (see Table 1). Fig 6 A
shows that the Auerbach (1993) parameters gave an even
more linear relation for peak A,R* versus the amount of
ACh in a quantum.

To investigate the origins of this linear relationship fur-
ther, the kinetic equations Egs. 4 to 10 were solved for the
interaction between ACh (A), acetylcholine receptors (R),
and cholinesterase (E) when these are allowed to freely mix
in a homogeneous chemical reaction not bound to mem-
branes or constrained by any particular geometry. The peak
A,R concentration reached in the reaction for a particular
initial ACh concentration [A], was calculated. The results
show that if the initial amounts of R and E are increased in
proportion to the increase in initial A, there is a linear
relationship between the peak A,R and the initial ACh
concentration (Fig. 7 B); this is in contrast with the case in
which there is a constant amount of R and E at the begin-
ning of the reaction, so that the amount of A,R formed
reaches saturation as initial A is increased (Fig. 7 A). From
these results, a likely explanation for the linear relationship
between the peak amplitude of the MEPCs and the ACh in
a quantum is that as the amount of ACh in the quantum
increases there is an increase in the access of the ACh to the
substrates with which it reacts, and to a first approximation
this can be modeled as a homogeneous chemical reaction.

Conditions under which amplitude histograms of
quantal currents might reveal subunits in the
quantum of ACh release

As mentioned in the Introduction, it is possible that ACh
release occurs in subunits that are only a fraction of the
amount of ACh in a quantum. If this is the case, then the
conditions under which it might be detected need to be
established. Amplitude-frequency histograms of MEPCs are
one way that has been used to try to detect whether trans-
mitter is released in subunits. It has been claimed that this is
not likely to be a very effective way of determining that the
quantum has a subunit structure as one subunit released
soon after another will be potentiated in its response and so
lead to a loss in detectable subunit structure in the ampli-
tude-frequency histogram of MEPCs. However, the previ-
ous section shows that such potentiation is slight for mul-
tiples of subunits involving a total of more than about 4000
ACh molecules, so that it is worthwhile to examine the
possibility further. To do this, the stochastic equations have
been solved for 500 MEPCs generated at end plates with
secondary clefts; the subunit size has been taken as 1000
ACh molecules and the number of subunits in a quantum
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FIGURE 7 The peak amount of products formed in a homogeneous
solution consisting of ACh (A), ACh receptors (R), and cholinesterase
molecules (E), as a function of the initial ACh concentration. (A) Case in
which the initial concentration of ACh receptors as well as initial cholines-
terase are constant (at 300 uM and 150 uM, respectively). The kinetic
equations 4 to 10 were used to calculate the peak concentrations of A,R
(continuous line), AR (dashed line), and AE (dot-dashed line) reached for
a particular initial ACh concentration. (B) Case in which the initial con-
centrations of ACh receptors and cholinesterase are increased in proportion
to the increase in initial ACh (proportionality constants 1 and 0.5, respec-
tively). In this case, solution of the kinetic equations 4 to 10 gives a linear
relationship between the peak A,R (continuous line), peak AR (dashed
line), and peak AE (dot-dashed line) and the initial ACh.

drawn from a binomial distribution with an n of 18 and a p
of 0.33. The amplitude-frequency histogram of these 500
MEPCs shows quite discrete bumps, indicating the exis-
tence of subunits (Fig. 8 A). Objective evaluation of this fact
is provided by the use of both an autocorrelation analysis of
the histogram (Fig. 8 B) and a spectral density analysis
of the histogram (Fig. 8 C). In both of these, clear peaks
occur, indicating the existence of a subunit structure in the
histogram.

The question arises as to whether a smaller subunit size,
such as 300 ACh molecules, which would only involve the
summation of subunits in the nonlinear range (that is, less
than 4000 molecules; see Fig. 6 A), could be detected in
amplitude-frequency histograms of MEPCs. The simulation
of Fig. 9 shows that a subunit structure to the histogram can
still be detected in the spectrum. The existence of such a
small subunit (300 ACh molecules) can be much more
easily ascertained if the kinetic parameters of Auerbach
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FIGURE 8 Analysis of the results of SO0 Monte Carlo simulations of the
MEPC at an end plate with secondary clefts in which the subunit size was
fixed at 1000 ACh molecules. Groups of between 2 and 10 subunits were
simultaneously released, the actual number being found from a binomial
distribution with n = 18 and p = 0.33. (A) Amplitude-frequency histogram
for the peak number of open channels (A,R*), using a bin size of 15. (B)
Autocorrelation function for the histogram in A (the broken line indicates
the 95% confidence limit); this indicates a periodicity in the histogram of
about 100 open channels. (C) Spectral density for the histogram in A; this
shows a clear peak indicating a periodic component corresponding to about
100 open channels. Thus both analyses confirm that the subunits can be
detected in the histogram. The graphs in B and C were produced using the
statistical package Splus.

(1993; see Table 1) are used in preference to those of Bartol
et al. (1991). In this case, both the autocorrelation and
spectral density show very distinctively a subunit structure,
which can also be easily detected by eye (Fig. 10).

Any subunit is likely to have variance associated with
it. This will have the effect of smearing out the bumps in
the amplitude-frequency histograms for the MEPCs con-
sisting of a relatively large number of subunits. Such
effects arise if the subunits are independent, so that if
there are n subunits in a quantum then the variance for
that quantum is n times the variance of a single subunit.
The amplitude-frequency histogram in Fig. 11 A was
obtained for the case in which the subunit size was drawn
from a normal distribution of mean of 1000 ACh mole-
cules and this had a standard deviation of 50 ACh mol-
ecules; again, 500 quanta were released and each of these
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FIGURE 9 Analysis of the results of 500 Monte Carlo simulations of the
MEPC at an end plate with secondary clefts in which the subunit size was
fixed at 300 ACh molecules. Groups of between 2 and 10 subunits were
simultaneously released, the actual number being found from a binomial
distribution with n = 18 and p = 0.33. (A) Amplitude-frequency histogram
for the peak number of open channels (A,R*), using a bin size of 3. (B)
Autocorrelation function for the histogram in A (the broken line indicates
the 95% confidence limit); this does not detect any subunit structure in the
histogram. (C) Spectral density for the histogram in A; this shows two clear
peaks, the first of which indicates a periodic component corresponding to
about 14 open channels. (The second peak arises from the overlap of
responses to the integer multiples of subunits.) The graphs in B and C were
produced using the statistical package Splus.

had a number of subunits drawn from a binomial distri-
bution with an n of 18 and a p of 0.33. Bumps are still
discernible in the histogram of MEPC amplitudes (Fig.
11 A), and this is supported by both the autocorrelation
graph (Fig. 11 B) and the spectral density graph (Fig. 11
C) for the histogram, each of which shows peaks, indi-
cating that the histogram has a still discernible subunit
structure. In some experimental situations the amplitude-
frequency histogram of MEPCs is not as wide as that in
Fig. 11. To check that subunits could be detected in such
histograms, these were drawn from a normal distribution
as in Fig. 11, but the numbers of subunits released were
obtained from a binomial distribution with an n of 9 and
a p of 0.67, giving the narrower histogram of Fig. 12. It
can be seen that both autocorrelation and spectral density
detected a subunit response size of about 100 A,R*.
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FIGURE 10 Analysis of the results of 500 Monte Carlo simulations of
the MEPC at an end plate with secondary clefts in which the subunit size
was fixed at 300 ACh molecules and the kinetic parameters in the simu-
lations were from Auerbach (1993). Groups of between 2 and 10 subunits
were simultaneously released, the actual number being found from a
binomial distribution with n = 18 and p = 0.33. (A) Amplitude-frequency
histogram for the peak number of open channels (A,R*), using a bin size
of 10. (B) Autocorrelation function for the histogram in A (the broken line
indicates the 95% confidence limit); this indicates a periodicity in the
histogram of about 60 open channels. (C) Spectral density for the histo-
gram in A; this shows a clear peak indicating a periodic component
corresponding to about 60 open channels. Thus both analyses confirm that
the subunits can be detected in the histogram. The graphs in B and C were
produced using the statistical package Splus.

There is of course a limit to the amount of variance in the
subunit size that will still allow the detection of subunits in
the amplitude-frequency histograms. For instance, if the
standard deviation of the subunit size is increased to 100
molecules with a mean size of 1000 molecules, then the
amplitude-frequency histogram shows bumps (Fig. 13 A)
that are just detectable as subunits in the autocorrelation
(Fig. 13 B) and the spectral density (Fig. 13 C). Some
insight into the way increasing the variance of the subunits
effects the evidence for them in the amplitude-frequency
histogram of MEPCs can be found by simple addition of
random variables as given in Eqs. 10 and 11. For the choice
n = 18, p = 0.33, u = 1 the density function f,(w) was
calculated for a number of values of o and the height of the
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FIGURE 11 As for Fig. 8, except that the subunit size is now drawn

from a Gaussian distribution of mean 1000 and standard deviation 50. The
autocorrelation and spectral density still clearly indicate that the subunit is
detectable in the histogram.

first peak in the spectrum was measured. The results in Fig.
14 show that for o > ~0.16 it is unlikely that the amplitude-
frequency histogram will provide any evidence for a subunit
structure in the quantum. Note that o will contain variability
due to both the subunit size and the diffusion and binding
processes. Analysis of the Monte Carlo results for fixed
subunit size (1000 molecules) indicates that the diffusion
and binding contributes about 0.05 to o, so the maximum
contribution to ¢ from subunit size variation will be of the
order of 0.1. Fig. 13 indicates that for a coefficient of
variation of 0.1 the subunit structure is still just evident.

In addition, instrumental noise will add to the variance,
as represented by the term Z in Eq. 15. The choice & =
0.2 gives the additional reduction shown by the second
curve in Fig. 14. The overall conclusion is that subunits
will probably become experimentally undetectable about
the time the coefficient of variation for their size reaches 0.1.
It is interesting to note that a similar conclusion was reached in
discussions on this detection problem by Magleby and Miller
(1981), Matteson et al. (1981), as well as by Edwards et al.
(1990).
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FIGURE 12 As for Fig. 8, except that the subunit size is now drawn
from a Gaussian distribution of mean 1000 and standard deviation 50, and
groups of between 2 and 10 subunits were simultaneously released, the
actual number being found from a binomial distribution with n = 9 and
p = 0.67. The autocorrelation and spectral density still clearly indicate
that a subunit response of about 100 open channels is detectable in the
histogram.

The effect of sequential release of subunits in a
quantum of ACh on the time course and
amplitude histograms of the quantal currents

If the quantum does consist of subunits then they might not
be released simultaneously, as assumed above, but sequen-
tially at some regular interval. This interval cannot be too
large; otherwise the rise time of the MEPC will increase
with an increase in their size at a rate greater than the small
amount that is observed experimentally, and this is already
mostly accounted for by the diffusion of ACh and its reac-
tions with AChR and cholinesterase (Fig. 5 A). The effects
of releasing subunits in a quantum at intervals of 5 ps on the
temporal characteristics of the MEPC with an increase in
the number of subunits in the quantum is shown in Fig. 15:
as expected, there is a relatively small change in the time for
half-decay of the MEPC with an increase in its amplitude
over that seen during synchronous release (1 ws/104 A,R*
in Fig. 15 C compared with 1 us/73 A,R* in Fig. 5 C),
whereas the rise time increases at a greater rate with an
increase in the number of subunits in the MEPC (1 us/88
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FIGURE 13 As for Fig. 8, except that the subunit size is now drawn
from a Gaussian distribution of mean 1000 and standard deviation 100. The
autocorrelation and spectral density still indicate that the subunit is just
detectable in the histogram, although it should be noted that there is a
considerable reduction in the peak in the spectral density.

A,R* in Fig. 15 A compared with 1 us/185 A,R* in Fig.
5 A), as does the time to peak (1 us/35 A,R* (Fig. 15 B)
compared with 1 us/135 A,R (Fig. 5 O).

If sequential release of subunits does occur it might still
be possible to detect the subunits in the amplitude-fre-
quency histogram of MEPCs. Fig. 16 shows a histogram of
500 MEPC:s in which subunits are released at 5-us intervals
in each quantum; the subunit has a mean of 1000 ACh
molecules with a standard deviation of 50 molecules, and
the number of subunits in a quantum is drawn from a
binomial distribution with an n of 80 and a p of 0.33. The
subunit structure of the quantum still shows up clearly in the
bumps of the histogram (Fig. 16 A), and this is reinforced by
the clear indication of the subunits in both the autocorrela-
tion and spectral density analysis (Fig. 16 B and 16 C). The
release of subunits at intervals greater than 5 ws, although
not realistic in terms of giving an experimentally verifiable
rate of increase of MEPC rise time with amplitude, actually
enhances detection of the subunit structure in the amplitude-
frequency histograms of MEPCs, as shown in Fig. 17 for the
case in which subunits are released at intervals of 20 us
(compare with Fig. 16).
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FIGURE 14 Relationship between the height of the major peak in the
spectral density and the variance of the subunit size for amplitude-frequency
histograms of the kind shown in Figs. 11 and 13. This graph, however, was not
generated by simulation; rather, it was found by the summation of N random
variables X; according to Eqs. 16 and 17. N is binomially distributed with
parameters n = 18, p = 0.33; X; is normally distributed with mean p = 1 and
standard deviation o. The filled circles show the height of the principal spectral
peak (relative to the minimum preceding it) as a function of the standard
deviation o of X;. The crosses are for the same calculation with the addition of
an experimental noise term Z, with mean O and standard deviation 0.2.

There is a subclass of MEPCs that have a much slower rate
of rise and sometimes decay than the large majority of MEPCs
(see Introduction). These could occur if the subunits that com-
pose the quantum are occasionally released asynchronously at
different intervals. It is a simple matter to generate such
MEPCs by increasing the interval between the release of
subunits in arbitrary ways that will simulate any required
pattern of temporal characteristics of the MEPC. An example
of such an unusual MEPC generated in this way is shown in
Figs. 3 C and 3 D (compare with figure 9 in Girod et al., 1993).
It is possible to simulate more extended sets of inflections on
the rising or falling phases of the MEPC.

Analysis of an amplitude-frequency histogram
of MEPCs recorded from a small group of
active zones

Recordings were made of MEPCs with small-diameter ex-
tracellular electrodes (about 6 wm) placed in the loose-patch
mode over selected regions of visualized amphibian motor-
nerve terminal branches. Up to 1000 MEPCs were ob-
served, and amplitude-frequency histograms of these were
constructed as in Fig. 18 A. This shows a histogram that was
particularly broad and showed marked fluctuations. How-
ever, both autocorrelation (Fig. 18 B) and spectral density
analysis (Fig. 18 C) failed to provide evidence for a subunit
component in the histogram.

DISCUSSION
The time course of quantal currents

As the mean size of MEPCs is about 5 nA at end plates with
secondary clefts (Hartzell et al., 1975; Land et al., 1981;
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FIGURE 15 Temporal characteristics of simulated MEPCs at an active
zone with secondary clefts when the subunits in a quantum are released at
intervals of 5 us. In each graph, the filled circles are from the Monte Carlo
simulations and the broken line is the linear regression on these data. (A)
Rise time for different-sized MEPCs due to the secretion of 1,000 to 30,000
ACh molecules in a quantum; the regression line has a gradient of 1 us/88
A,R*. (B) Time to peak for different-sized MEPCs; the regression line has
a gradient of 1 us/35 A,R*. (C) Time to half-decay for MEPCs of different
amplitude; the regression line has a gradient of 1 us/105 A,R*.

Erxleben and Kriebel, 1988) and each open channel passes
a current of about 3 pA (Hamill and Sakmann, 1981), then
there must be about 1700 open channels, A,R*. Fig. 5
indicates that this number of A,R* gives a MEPC with a
rise time of about 85 ps, a time to peak of about 300 us, and
a half-decay time of about 1110 us. Land et al. (1981)
obtained a rise time of 90 ws for the MEPC at the lizard end
plate. The forward binding rate constant for acetylcholine at
the end plate used in the stochastic model has been deter-
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FIGURE 16 As for Fig. 8, except that the subunit size is now drawn
from a Gaussian distribution of mean 1000 and standard deviation 50, and
the individual subunits in each group were released sequentiaily with an
interval of 5 ps between releases. The autocorrelation and spectral density
still clearly indicate that the subunit is detectable in the histogram.

mined by Land et al. (1981) on the basis of a rise time of
100 ps, so that it is a tautology to say that the stochastic
model predicts the rise time. These rise times are substan-
tially smaller than those of about 260 us given for the
mouse neuromuscular junction (Erxleben and Kriebel,
1988), and the time to peak of 300 ws is substantially
smaller than the 500 to 1000 us measured by Vautrin and
Kriebel (1991) for this end plate, but about the same as that
recently obtained for the frog end plate (about 300 us;
Cherki-Vakil et al., 1995). The theoretical half-decay time
of 1110 us is similar to the 1200 ws measured for the MEPC
at the lizard end plate (Land et al., 1984), 1400 us at the
amphibian end plate (Katz and Miledi, 1973), 1200 us at the
snake end plate (Hartzell et al., 1975), and 900 us (Linder
et al., 1984) or 1100 us (Erxleben and Kriebel, 1988) at the
mouse end plate. In the case of end plates without secondary
clefts, such as those of the electroplaque, the theoretical
value for the time to peak was 360 us for a mean-size
MEPC of 12 nA (from Fig. 4 B) compared with the mea-
sured value of 430 us (Girod et al., 1993), and the theoret-
ical value for the half-decay time was 1350 us (from Fig.
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FIGURE 17 As for Fig. 8, except that the subunit size is now drawn
from a Gaussian distribution of mean 1000 and standard deviation 50, and
the individual subunits in each group were released sequentially with an
interval of 20 us between releases. The autocorrelation and spectral density
still clearly indicate that the subunit is detectable in the histogram.

4 C) compared with the surprisingly small experimental
value of 450 us.

A very small positive increase in the rise time of the
MEPC with an increase in the amplitude of the MEPC, due
to an increase in the amount of ACh released in the quan-
tum, has been reported for the mouse by Erxleben and
Kriebel (1988; about 1 us/330 A2R*) as well as for the
lizard by Land et al. (1984; 1 us/330 A2R*), but was not
detected in the frog by Vautrin and Kriebel (1991). Such a
positive correlation is clearly evident at junctions of elec-
troplaques (Figs. 3 B and 4 C in Girod et al.,, 1993) for
which a theoretical gradient of 1 ws/40 A2R* was obtained
by Girod et al. (1993: their figure 8 F) using the determin-
istic equations of Wathey et al. (1979); this may be com-
pared to the gradient obtained in the present work using
either stochastic or deterministic equations (Fig. 4 A) of 1
1s/80 A,R* for MEPCs in the range of 1000 to 3000 A,R*.
Both the deterministic and stochastic models of transmitter
action predict a steeper gradient for the relationship between
time to peak of the MEPC and their amplitude in the case of
electroplaques than that for other end plates, and this seems
to be borne out experimentally by the steep gradients ob-
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FIGURE 18 Analysis of 517 MEPCs recorded with a 6-um external
electrode placed in the loose-patch mode over a section of visualized
motor-terminal branch of the iliofibularis muscle of a toad (Bufo marinus).
(A) Amplitude-frequency histogram of the MEPCs using a bin size of 0.05
mV. (B) Autocorrelation function for the histogram in A (the broken line
indicates the 95% confidence limit); there is no evidence for periodicity in
the histogram according to this criterion. (C) Spectral density for the
histogram in A; there are no peaks present that could indicate a periodic
component. Thus both analyses fail to suggest the existence of subunits in
this histogram.

served in the electroplaque compared with that at the mouse
and reptilian end plates. These gradients are greatly en-
hanced by inhibiting cholinesterase, presumably because of
the increase in the number of occasions for which individual
diffusing ACh molecules make repeated contact with the
receptors (Katz and Miledi, 1973). A small positive increase
in the time constant of decay with an increase in the MEPC
was obtained with the stochastic model (Fig. 5 C), as has
been observed at the mouse end plate (Erxleben and
Kriebel, 1988; Linder et al., 1984) but not at the lizard end
plate (Land et al., 1984).

The question arises as to what extent asynchronous re-
lease of transmitter in a quantum is consistent with the
above characteristics of the MEPC. The discharge of trans-
mitter that constitutes a quantum must occur in less than 50
to 75 ws if the concentration of ACh is to be raised to a level
over the postsynaptic receptors sufficient to give the char-
acteristics of the MEPC (Khanin et al., 1994). If 10 subunits
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of ACh make up a quantum, then each of these must then be
released in less than 10 us. The present work shows that
increasing the interval between subunits between 5 us and
20 us increases the detection of subunits in the amplitude-
frequency histograms of MEPCs. The addition of 100 us to
the rise time of the MEPC, taken to be 100 us in the model
calculations of Land et al. (1981), would change the esti-
mations for the forward binding constant. However, the
wide range of estimates for the rise time of the MEPC
mentioned above (over 200 us) indicates that this might not
be a firmly established value.

There is a nearly linear relationship between the peak
current generated during the MEPC and the number of
subunits released in the range from about 4 to 30 (each
composed of 1000 ACh molecules). If transmitter release
does occur in subunits, there will not be a substantial
contribution of potentiation to the relationship between the
rise time of the MEPC and its amplitude or between the
half-decay time of the MEPC and its amplitude. The exis-
tence of only a slight increase or the lack of increase in
either the rise time or the time to decline with an increase
in amplitude measured experimentally is not inconsistent
with the quantum being composed of subunits. This con-
clusion seems to be at variance with that arrived at on
theoretical grounds for the nerve electroplaque (Girod et al.,
1993): there, synchronous release of subunits was calcu-
lated to give rise to an increase in the gradients relating the
time to peak and the half-decay time, with an increase in the
number of subunits released, of about 1 us for each extra 20
channels opened by the addition of subunits to the quantum
(their figure 8 F). These calculations are much the same as
those in the present work for the end plate (Fig. 4 A). The
present work shows that the existence of these gradients
relating the rise time and decay time of the MEPC to its
amplitude is not conditional on potentiating effects, as these
are slight over a considerable range of A,R* for which there
are significant changes in the rise time and decay time of the
MEPC.

At the nerve-electroplaque junction there is a gradient
between the time to peak and the amplitude of the MEPC
that is clearly much greater than that observed at the end
plate (compare figure 4 C in Girod et al., 1993 with figure
2 in Land et al., 1981 and figure 5 B in Erxleben and
Kriebel, 1988). The same is the case for the half-decay time
(compare figure 4 A in Girod et al., 1993 with figures 3 B
and 10 C in Linder et al.,, 1984 and with figure 5 C in
Erxleben and Kriebel, 1988). This has been used by Girod
et al. (1993) to argue for a subunit structure to the quantum;
they suggest that the difference in the gradients between the
neuromuscular junction and the electroplaque junction
arises because ACh subunits do not interact at the neuro-
muscular junction in the presence of cholinesterase as they
do at the electroplaque. Girod et al. (1993) arrived at the
conclusion that the positive gradients between time to peak
and amplitude of the MEPC arise because of the potentiat-
ing effects of one subunit of ACh acting on the same
receptors as an immediately preceding subunit. This idea
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was arrived at by comparing the A,R generated by a subunit
of 1000 ACh molecules in a quantum with that generated by
five subunits in a quantum (that is, 5000 ACh molecules;
their figure 8) and then extrapolating this effect to greater
numbers of subunits in a quantum. As the present work
shows (Figs. 4 B and 6 A), this range of 1000 to 5000 ACh
molecules in a quantum is in the potentiating region of the
curve relating A,R to the number of ACh molecules, so that
the results for the five-subunit release is much greater than
five times the result for one-subunit release. However, these
potentiating effects are slight beyond about 5000 ACh mol-
ecules, so that variation in the number of subunits from five
to larger numbers of subunits in a quantum, each subunit
consisting of 1000 ACh molecules, does not give rise to
nonlinear changes in the number of A,R generated. Positive
gradients relating time to peak and amplitude of MEPCs do
not arise from the potentiating effects of a subunit of ACh
acting on the same receptors as a previous subunit. The
experimental discovery of such gradients cannot then be
used as evidence in favor of the subunit hypothesis, as the
gradients exist independently of any subunit structure in
the quantum.

The different shapes of MEPCs can easily be accommo-
dated within the subunit hypothesis as being due to different
patterns of asynchronous release, as has been argued
quantitatively for the MEPCs at the electroplaque (Girod
et al., 1993), for synaptic currents at hippocampal synapses
(Vautrin et al., 1993), and in the present work for the end
plate. The factors that might give rise to such large intervals’
between subunits released during the secretion of a quan-
tum can only be identified when more knowledge is
forthcoming concerning the mechanism of exocytosis
(Monk and Fernandez, 1994).

The amplitude of quantal currents

The present work shows that the problem of one subunit
potentiating the effect of a subsequent subunit and thereby
removing a subunit structure from the amplitude-frequency
histograms need not arise, as there is only slight potentiation
in the range of subunit releases from about 4 to 20 (for a
subunit size of 1000 molecules). As a result, if the subunit
of the quantum is of constant size (say 1000 ACh mole-
cules), then the stochastic model shows that peaks do occur
in the amplitude-frequency histogram of MEPCs that coin-
cide with the number of subunits released, as supported by
both the autocorrelation and spectral analysis of the histo-
grams. Furthermore, these peaks are still present if the subunits
are released sequentially at intervals of about 5 to 20 us.
Returning to the problem first raised by Katz (1977)
concerning the variance of the hypothetical subunits, it is
variance in the number of molecules in the subunits (as well
as the fluctuations due to diffusion and binding of the
transmitter and instrumental noise) that can remove the
subunit peaks in the histograms. If the coefficient of varia-
tion of the subunit increases above about 0.1, then the
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present work shows that neither autocorrelation nor spectral
analysis can detect peaks in the histograms that might
indicate a subunit structure in the quantum. This is a small
variance and raises the question as to what near-determin-
istic release process could maintain such an exact subunit
size.

Support under Australian Research Council grant AC9330365 is acknowl-
edged.
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